Campylobacter jejuni is a leading cause of gastrointestinal infections worldwide, due primarily to its ability to asymptomatically colonize the gastrointestinal tracts of agriculturally relevant animals, including chickens. Infection often occurs following consumption of meat that was contaminated by C. jejuni during harvest. Because of this, much interest lies in understanding the mechanisms that allow C. jejuni to colonize the chicken gastrointestinal tract. To address this, we generated a C. jejuni transposon mutant library that is amenable to insertion sequencing and introduced this mutant pool into day-of-hatch chicks. Following deep sequencing of C. jejuni mutants in the cecal outputs, several novel factors required for efficient colonization of the chicken gastrointestinal tract were identified, including the predicted outer membrane protein MapA. A mutant strain lacking mapA was constructed and found to be significantly reduced for chicken colonization in both competitive infections and monoinfections. Further, we found that mapA is required for in vitro competition with wild-type C. jejuni but is dispensable for growth in monoculture.
C
ampylobacter jejuni is a leading cause of bacterially derived gastroenteritis in the United States, with 13.6 illnesses/100,000 persons annually. The incidence of infection is similar to and often surpasses the annual incidence of similar food-borne infection caused by Salmonella (1) . It is reported that C. jejuni costs the United States approximately $1.7 billion annually (1, 2). The high incidence of C. jejuni infections is largely due to its ability to persistently colonize the gastrointestinal tracts of poultry and other agriculturally relevant animals (3) . During processing of meat products, bacteria are released from the gastrointestinal tracts of these animals, contaminating the meat. Following consumption of either undercooked poultry or contaminated food, human infection often occurs from inocula as low as 360 organisms and results in moderate to severe and bloody diarrhea (4) .
Due to the importance of chicken colonization to the infection cycle of C. jejuni, much emphasis has been placed on identifying and characterizing factors that promote colonization of the chicken gastrointestinal tract. To date, many different classifications of genes have been found to play a role in colonization of the chicken gastrointestinal tract, including those involved in chemotaxis, invasion, iron regulation, motility, and oxidative and nitrosative stress responses (5) . Many of these studies identified chicken colonization phenotypes as a consequence of characterizing a factor of interest and often using monoinfections. Only one previous study attempted to identify colonization factors of C. jejuni in the chicken using a genome-wide approach (6) . Employing a signature-tagged mutagenesis (STM) screen, this study identified factors involved in motility, N-linked protein glycosylation, and chemotaxis. While these factors have been further confirmed to be involved in chicken colonization, the STM approach identified only 22 new loci and was plagued by a high rate of falsenegative identification, presumably due to technical limitations of STM. Not surprisingly, based on the cumulative work in the field, it is postulated that the earlier STM study did not identify a majority of the factors involved in chicken colonization (5) .
Recently, development of various methodologies that take advantage of advances in next-generation sequencing technologies has allowed more comprehensive identification of bacterial factors of interest. One such protocol, insertion sequencing (INSeq), relies on a Mariner transposon system with an MmeI site introduced into the Himar1 inverted repeats of the transposon (7) . Following construction of a transposon mutant library, extracted genomic DNA can be prepared and digested with MmeI, leaving a 16-bp fragment of flanking genomic DNA attached to the transposon. After ligating sequencing adapters to these fragments, the 16-bp region can be sequenced and mapped to a reference genome, allowing identification and quantification of mutants within a pool. Fortunately, the Mariner transposon system has been developed for use in Campylobacter, making the use of INSeq an attractive approach for identifying determinants of chicken colonization.
Here we describe using INSeq to identify novel colonization determinants of C. jejuni in the chicken ceca (7) . We constructed an INSeq-compatible C. jejuni transposon mutant library of several thousand mutants and used it to inoculate day-of-hatch chicks. Analysis of INSeq data from inocula and from C. jejuni recovered from the ceca of infected chickens enabled us to identify mutants that were either lost or enriched during infection. One mutant underrepresented in the ceca contained a transposon insertion in mapA, which encodes a putative outer membrane lipo-protein previously shown to be a species-specific determinant that is immunogenic in both chickens and humans (8, 9) . Analysis of a mapA mutant confirmed its importance to C. jejuni fitness in the chicken gastrointestinal tract both in competition with wild-type C. jejuni and during monoinfections. Similarly, mapA was found to be required for in vitro competition with wild-type C. jejuni but was dispensable when the mutant was grown in rich media alone.
MATERIALS AND METHODS
Bacterial strains, plasmids, and oligonucleotides. Bacterial strains, plasmids, and oligonucleotides used in this study are listed in Table 1 . Escherichia coli strains used for subcloning were routinely grown using LB media at 37°C under aerobic conditions. C. jejuni strains were routinely grown under microaerobic conditions (85% N 2 , 10% CO 2 , 5% O 2 ) using either Mueller-Hinton (MH) agar containing 10% sheep's blood or MH broth. Cultures were grown at either 37°C or 42°C as noted specifically below. The following antibiotics were used at the given concentrations: carbenicillin at 50 g/ml, chloramphenicol at 30 g/ml, kanamycin at 150 g/ml, and trimethoprim at 10 g/ml.
DNA manipulations were performed using commercially available kits (Qiagen, Valencia, CA) and enzymes (NEB, Ipswich, MA) per the directions of the manufacturers.
Analysis of pseudoread mapping. To determine whether the 16-bp genomic fragments flanking the transposons are sufficient to identify the points of insertion, a pseudoread analysis was performed, as previously described (7) . Briefly, every TA dinucleotide-the insertion site of mariner transposons-in the C. jejuni 81-176 genome (including all three replicons, namely, chromosome, pTet, and pVir) was identified and reads of various lengths (12 to 20 bp) were generated on each side of the predicted transposon insertion site. These reads were analyzed using our pipeline, and the percentage of those reads that were successfully mapped back to the correct "insertion" locus was determined.
Construction of C. jejuni INSeq library. A C. jejuni
INSeq transposon, termed hawkeye, was generated by amplifying the cat cassette from plasmid pRY109 using oligonucleotides 5=cat_ INSeq and 3=cat_INSeq. These primers were adapted from those used by Goodman et al. (7) but included regions complementary to the Campylobacter coli cat gene present in pRY109. This approximately 900-bp amplicon was cloned into the pGEM-T Easy vector (Promega, Madison, WI), resulting in pKinnick, and was sequenced to confirm conservation of required INSeq features, including the Himar1 insertion sequences, the introduced MmeI restriction sites, and the P7 priming sites. Following sequencing, in vitro transposition using purified C. jejuni genomic DNA was performed as previously described (10) . Briefly, transposition was performed using 2 g of purified DRH212 genomic DNA, approximately 500 ng of pKinnick, and 250 ng of purified maltose binding protein-tagged MarC9 transposase (MBP-MarC9) in transposition reaction buffer (10% glycerol, 25 mM HEPES [pH 7.9], 100 mM NaCl, 5 mM MgCl 2 , 0.25 mg bovine serum albumin [BSA] , and 2 mM dithiothreitol [DTT]) at 30°C for 4 h. After repair of the transposon junctions, genomic DNA was purified and introduced into C. jejuni DRH212 via natural competence (11) . Successful recombinants were selected under microaerobic conditions on MH agar containing chloramphenicol for approximately 48 h at 37°C.
Prior to en masse collection of the INSeq library, random and single insertion of hawkeye into C. jejuni genomic DNA was determined by Southern blotting. Genomic DNA was isolated from 17 individual mutants and digested with RsaI (Promega). Digested DNA was separated on a 1% Tris-acetate-EDTA agarose gel and transferred to an Amersham Hybond-XL membrane (GE Healthcare, Little Chalfont, United Kingdom). Bound DNA was probed using 32 P-labeled hawkeye fragments generated by random priming and visualized by autoradiography.
Mutants were picked to individual wells of 96-well plates con- 6 CFU (100 l of suspension). To profile the input, INSeq libraries were prepared using two different methods. In the first, approximately 10 9 cells were prepared following 4 h, as previously described (12) . In the second, a sample of 10 6 bacteria that was used to inoculate the day-of-hatch chicks was grown overnight and the input library was generated from that growth. The mutant library was allowed to colonize for 7 days before cecal contents were harvested, and C. jejuni was enumerated following 48 h of microaerobic growth at 37°C on Campylobacter selective media (MH agar with 10% sheep blood containing 40 g/ml cefoperazone, 100 g/ml cycloheximide, 30 g/ml chloramphenicol, 10 g/ml trimethoprim, and 100 g/ml vancomycin).
Preparation of INSeq libraries from chickens. Following harvest of cecal contents, a Campylobacter enrichment step was performed immediately, as previously described (13) . Briefly, an equal volume of PBS containing a 1:100 volume of phenol (Life Technologies, Grand Island, NY) was added to PBS suspensions of cecal contents. These suspensions were subjected to low-speed centrifugation at 800 ϫ g for 3 min at 4°C to remove large insoluble particles. The supernatant from this step was removed and subjected to further centrifugation at 9,260 ϫ g for 5 min at 4°C, resulting in a pellet consisting primarily of bacterial cells and small cecal particles (13) . Genomic DNA was extracted from these pellets and subjected to the protocol of Goodman et al. (12) . Generally, the amount of sample or bacteria from one chick was insufficient to use for this protocol. As a result, genomic DNA from bacteria enriched from the cecal contents of two to five birds was pooled prior to generating INSeq libraries.
Analysis of INSeq results.
To identify mutants present in both input and output pools, DNA fragments were sequenced using an Illumina HiSeq 2000 sequencing system (San Diego, CA) available through the University of Michigan DNA Sequencing Core. Sequence data were analyzed using the following pipeline. Reads were trimmed and aligned to the C. jejuni 81-176 genome (accession no. NC_008787) using the Burrows-Wheeler Aligner (BWA) (14) . Reads that (i) did not have a complementary read within 4 bp on the opposite strand, (ii) had a right-left read ratio Ͼ 10, or (iii) occurred within the last 10% of the reading frame were eliminated. The reads from each sample were normalized per million total reads. To determine the effect of mutations on colonization, fitness ratios were calculated for each locus by dividing the normalized reads in the output by the number of normalized reads for the same locus in the input.
Construction and characterization of a mapA mutant. Regions of homology flanking the mapA locus were amplified from DRH212 genomic DNA. The upstream region was amplified using primers JJ17 and JJ19, while the downstream region was amplified using primers JJ18 and JJ20. These fragments were subcloned into pGEM-T Easy and subsequently cloned together, introducing an internal BamHI restriction site into mapA. The Campylobacter kanamycin resistance cassette was excised from pILL600 using BamHI and ligated into mapA in the construct described above. This plasmid was introduced into DRH212 by electroporation and grown on MH agar overnight at 37°C under microaerobic conditions. Cells were plated on MH agar containing kanamycin, and successful integration of mapA::kan into the chromosome was confirmed by PCR.
To examine mapA in vivo, equal numbers of the wild-type DRH212 and mapA mutant strains were used in competition assays. For these assays, an inoculum of approximately 5 ϫ 10 4 CFU of each strain was given to day-of-hatch chicks by oral gavage. Strains were allowed to colonize for 7 days when cecal contents were isolated, and bacterial counts were determined for each strain using the Campylobacter selective media mentioned above. Additionally, the wild-type and the mapA mutant strains were individually introduced into day-of-hatch chicks using the same inocula of approximately 5 ϫ 10 4 . Similarly, at 7 days postinoculation, cecal contents were harvested and C. jejuni numbers were determined.
To examine whether reductions in colonization were due to a general growth defect, competitive and individual growth curves were determined for both wild-type C. jejuni and the mapA mutant. Briefly, each strain was grown overnight on MH agar containing trimethoprim and subsequently passed for a second night on the same media at 37°C. These cultures were used to inoculate wild-type C. jejuni (WT) and 17 INSeq mutants was digested with RsaI and separated on a 1% agarose gel. Transposon-containing fragments were detected using 32 P-labeled hawkeye sequence.
50 ml of MH broth to an A 600 optical density (ODA 600 ) of 0.025 and grown under microaerobic conditions at 42°C. At each indicated time point, the ODA 600 was recorded (for all growth curves) and the numbers of viable C. jejuni and mapA mutant bacteria were determined using selective media (for in vitro competition). Motility was examined following growth of wild-type C. jejuni, the mapA mutant, and a nonmotile control, the ⌬rpoN mutant, at 37°C under microaerobic conditions. Cells from these plates were inoculated into MH swim agar (0.4% agarose) and incubated overnight at 42°C. This assay was repeated in triplicate, and motility was visualized and measured. Capsule expression was determined by growing wild-type C. jejuni, the mapA mutant, and a nonencapsulated kpsM mutant control at 37°C under microaerobic conditions (15) . These strains were passed again onto MH media, as described above, and grown overnight before cell extracts were assayed for capsular material as previously described (16) . Briefly, cells were pelleted in 100 l of lysis buffer (31.25 mM Tris-HCl [pH 6.8], 4% sodium dodecyl sulfate, 0.025% bromophenol blue, and 20% glycerol) and boiled for 5 min. After 20 l was transferred to a new tube, extracts were treated with 1 l of a 20 mg/ml proteinase K stock and incubated for 1 h at 50°C. Extracts were separated on a 15% Tris-polyacrylamide gel and stained with alcian blue (0.1% alcian blue, 40% ethanol, 5% acetic acid) prior to visualization.
RESULTS AND DISCUSSION
The genomic fragments flanking the INSeq transposon are sufficient for identifying insertions sites. To provide a proof of concept that the use of INSeq was possible in C. jejuni, we first determined whether the 16-nucleotide (nt) reads produced by the INSeq protocol were sufficient to identify the locations of insertions in the genome. Pseudoreads of various lengths were generated from every TA dinucleotide in the genome and mapped back to the C. jejuni 81-176 genome. Of all 16-nt pseudoreads generated, 97.21% Ϯ 1.97% were mapped to the correct location in the genome, an efficiency similar to that reported by Goodman et al. for both Bacteroides thetaiotaomicron and Saccharomyces cerevisiae ( Fig. 1) (7) . While shorter reads could be accurately mapped (C) Plots of insertion frequencies in the C. jejuni chromosome generated using Circos (27) . The inner 2 plots correspond to the insertion frequencies (log2 of total reads per ORF) of the input (red) and output (blue) samples, respectively. The outer 2 plots show a heatmap of the inner 2 plots in which the 4 quartiles of insertion frequencies are plotted with increasingly darker shades of blue or red. Regions highlighted in black and green correspond to ORFs encoding ribosomal proteins and motility-associated gene products, respectively. within the smaller replicons (pTet and pVir), the mapping accuracy of chromosomal reads Ͻ 15 nt in length was below 90%. These results demonstrate that, despite the relatively low sequence complexity of an AT-rich organism such as C. jejuni (30% GC content), the 16-mer sequences produced by the INSeq protocol are sufficient for accurate, unambiguous mapping of transposon insertions. The INSeq-compatible hawkeye transposon inserts randomly throughout the C. jejuni genome. By the use of in vitro transposition reactions, hawkeye was transposed throughout the genome of DRH212, typically yielding 400 to 500 mutants per transposition reaction. Though the randomness of Mariner insertion into the C. jejuni genome had already been demonstrated, adapting the transposon for insertion sequencing made it necessary to confirm that this had not been altered. To determine whether the transposon inserted singly and randomly, RsaI-digested genomic DNA was subjected to Southern blot analysis using radiolabeled probes that hybridized to the hawkeye transposon. This analysis indicated that the transposition conditions that were used resulted in single insertions of hawkeye into the genomic DNA of DRH212, as only a single fragment within each of several isolates was able to hybridize to the probe (Fig. 2) . Additionally, hawkeye inserted randomly, as those single fragments were of discrete sizes among the different mutant isolates. To ensure heterogeneity of the library, only 100 to 150 transposon mutants were selected from each individual transposition reaction until approximately 8,500 mutants were collected. At this size, based on the approximately 1,700 genes in the C. jejuni genome, we calculated that the mutant library should represent approximately 5ϫ coverage. Preparation of 10 9 cells from the pooled C. jejuni INSeq mutant library and analysis by our pipeline determined that the library consisted of 3,994 independent insertions into the chromosome, which inserted into 1,002 open reading frames (ORFs) (58.8% of chromosomal ORFs). Many of the ORFs that were missed included those genes encoding ribosomal components or replication factors and other essential functions (Fig. 3A) . That C. jejuni can tolerate insertions into only ϳ60% of its ORFs is not surprising; C. jejuni likely has to dedicate a relatively large portion of its small genome (1.7 Mbp) to growth. Insertions were mapped to every ORF within the pVir plasmid (52 genes) but only infrequently into pTet (5 genes). The latter observation is likely due to the frequency with which the pTet plasmid is lost from C. jejunipresumably, pTet would have been mostly absent in genomic preparations for hawkeye mutagenesis. Overall, 1,059 of the 1,758 predicted C. jejuni ORFs were mutagenized, or 60.2% of those in the genome. Additionally, these results were reproducible using separate samples of the library, as a significant correlation between two independently prepared samples was observed (R 2 ϭ 0.94) (Fig. 3A and B) . This indicates not only that the library is consistent but also that the INSeq protocol provides reproducible results.
Insertion sequencing identified several determinants that are required for efficient colonization of the chicken gastrointestinal tract. As stated above, two different methods for characterizing inputs were used. In the first method, an INSeq library was prepared from 10 9 cells after 4 h of growth at Ϫ80°C. In the second method, 10 6 cells from the inoculum were grown overnight before a sample of 10 9 cells was used to generate an INSeq library (Fig.  4A) . The log2 abundances of reads mapping to each gene from these preparations were plotted against one another and found to be significantly different (R 2 ϭ 0.16). This is likely due to both viable and nonviable cells being present in inputs generated using the first method and the sampling error introduced by using only 10 6 cells in the second method. While the complexity of the input diminishes using the second method, libraries are more likely to resemble the mutant populations that were in the inocula, because the cells were derived directly from those. Using this method, the inoculum was determined to contain a mutant population representing 1,155 independent insertions into 545 chromosomal genes.
Following inoculation with 6 ϫ10 5 CFU of the INSeq mutant library, day-of-hatch chicks were fully colonized at 7 days postinoculation. Cecal loads of the mutant library had a mean of 1.79 ϫ 10 9 CFU/gram of cecal content, while the wild-type strain yielded a mean cecal load of 2.52 ϫ 10 9 CFU/gram (Fig. 4B) . These results were found to be statistically indistinguishable (P value ϭ 0.43), indicating that the C. jejuni INSeq library, as a whole, is proficient at colonizing the chicken gastrointestinal tract. Libraries were generated from six genomic samples representing 22 birds in total.
Illumina HiSeq 2000 sequencing typically yielded between 500 and 1,500 Mb per sample. The input and each of the individual outputs were analyzed using parameters described in Materials and Methods.
Outputs were pooled and found to contain mutants that represented 565 independent insertions in 329 chromosomal genes. This represents a loss of a slight majority of those mu- tants present in the input, with 51% of the independent insertions and 40% of the marked genes being lost, which was evidenced by the relative abundance of sequenced loci in the input and the lack of those same loci in the output (Fig. 4C) . We reasoned that this was likely due both to a loss of mutants following passage through the chick due to their reduced fitness in vivo and to a large number of the mutants being present at numbers too low to allow efficient colonization of the cecum, regardless of phenotype.
To address the likelihood that some mutants were present at numbers too low to allow colonization, we determined a fitness ratio for each locus that takes into account the abundance of a mutant in the output relative to its abundance in the input. We set a 2-log decrease in abundance within output pools as a standard for those that warranted further investigation. At this level of effect, a mutant would have been present at infectious levels within the inoculum and would have often been uniformly absent in all cecal outputs. Many of the loci identified with this level of stringency were shown to be required for colonization of the chicken gastrointestinal tract in the STM work mentioned previously, including those involved in flagellar motility, N-linked protein glycosylation, and chemotaxis (Table 2) (6). In all, 130 genes exhibited fitness ratios Ͻ 0.01, with approximately 15% involved in flagellar motility (flgE, motA, fliS, etc.) and chemotaxis (cheA, cheY, etc.), which have been highlighted (Fig. 4C) .
These results also confirm several other processes required for colonization or survival within the chicken gastrointestinal tract. For example, INSeq mutants of the GGDEF domain-containing protein CbrR were uniformly absent from cecal samples (17) . This determinant has previously been shown to be required for resistance of C. jejuni to the bile acid sodium deoxycholate, making it required for survival within the chicken gastrointestinal tract (17) . Additionally, insertions in genes required for capsule biosynthesis were absent from cecal samples, including mutations in genes required for capsule transport, kpsC and kpsD (18) . Insertions in genes required for stress response-catalase (katA), for example-or energy production and metabolism (such as cytochrome d ubiquinol oxidase subunit II [cydB]) were also absent from cecal samples. Based on transcriptome sequencing (RNA-Seq) analysis, transcripts from genes involved in these processes are increased in abundance during infection of the chicken ceca compared to their abundance in in vitro cultures (19) .
In addition to those mutants with decreased abundance in the output pools, insertion mutants of several genes were enriched following passage through the chicken (Table 3) . Of these, more than 25% encode hypothetical proteins, making it difficult to interpret their biological significance. Several might be predicted to be at a disadvantage during colonization of the chicken gastrointestinal tract, rather than being enriched, including mutations within trpB, encoding a product required for tryptophan biosynthesis, and waaF, encoding lipopolysaccharide heptosyltransferase, a component of the C. jejuni lipooligosaccharide (LOS). Previous work demonstrated that hyperosmotic stress caused elevated trpB expression, which may be required for osmotic stress resistance and efficient colonization of the chicken gastrointestinal tract (20) . Mutation of waaF resulted in a truncated core oligosaccharide, which resulted in increased sensitivity to serum killing and decreased binding to cellular ligands (21) . Notwithstanding the presumed effects of mutations in these genes, neither has been previously shown to be required for chicken colonization, underscoring the need to repeat colonization studies with isogenic mutants.
A C. jejuni mapA mutant exhibits decreased colonization of the chicken gastrointestinal tract. We chose one representative locus, mapA, which exhibited a Ͼ3-log decrease in its fitness ratio, for further analysis. It encodes a species-specific outer membrane lipoprotein that is immunogenic in both chickens and humans but has not been previously shown to play a role in colonization of the chicken gastrointestinal tract (8, 9, 22) . We reconstructed a mapA mutation using allelic exchange mutagenesis and carried out two separate colonization studies. In one, a mapA mutant was introduced at a 1:1 ratio with wild-type C. jejuni DRH212 (4.1 ϫ 10 4 and 5.3 ϫ 10 4 , respectively) into day-of-hatch white leghorn chicks by oral gavage, and the mixture was allowed to colonize for 7 days before bacterial loads from the ceca were determined. In these infections, the mapA mutant was at a significant competitive disadvantage, with a median competitive index of 2.2 ϫ 10 Ϫ3 (P value Ͻ 0.0001) (Fig. 5A ). We also carried out an infection with the mapA mutant alone (i.e., not in competition with the wild type). For this, the mutant and wild-type DRH212 strains were individually introduced into day-of-hatch chicks. In these infections, the mapA mutant was recovered with a median colonization level of 5.3 ϫ 10 8 CFU/gram of cecal contents, while DRH212 colonized at a median of 1.3 ϫ 10 9 CFU/gram of cecal contents, a decrease of approximately 0.5-log (P value ϭ 0.03) (Fig. 5B) . Thus, while it is required for competing against wild-type C. jejuni in the chicken gastrointestinal tract, the mapA gene product is less critical during monoinfections. Further, the difference in colonization proficiency following assays of competitive infection and monoinfection demonstrated the value of genome-wide approaches such as INSeq because protocols focusing on monoinfection phenotypes likely would have been unable to identify MapA as a fitness determinant.
To examine whether the competitive colonization defect of the mapA mutant is due to a general growth defect, growth curves were determined for individually and competitively grown wildtype DRH212 and mapA mutant strains ( Fig. 6A and B, respectively). During competitive growth with wild-type C. jejuni, the mapA mutant exhibited decreased growth potential, with a peak concentration of 5 ϫ 10 8 CFU/ml at 20 h of growth compared to 4.9 ϫ 10 9 CFU/ml for the wild type (Fig. 6B) . Also, the mapA mutant exhibited a more rapid decrease in viability as cultures continued into stationary phase. The mapA mutant did not exhibit any growth defect as a monoculture, consistent with the observation that mapA is more critical during competition with the wild-type strain in the chicken gastrointestinal tract than in monoinfections. We tried without success to complement this phenotype, as a plasmid encoding mapA appears to alter the viability of C. jejuni (data not shown); this may be due to gene dosage effects. We examined transcript levels of downstream genes in both wild-type and mapA mutant backgrounds and observed that transcription was not significantly affected by the insertion mutation (data not shown).
As motility and capsule production have previously been shown to be required for colonization of the chicken gastrointestinal tract, the ability of the mapA mutant to swim and produce capsule was determined (6, 18) . The mutant exhibited motility in semisolid agar similar to that of the wild type (see Fig. S1A and B in the supplemental material). Additionally, the mapA mutant produced capsule at levels similar to wild-type levels, and both strains produced much more than a strain lacking KpsM, encoding a capsular polysaccharide transporter (see Fig. S1C ).
Analysis of MapA amino acid sequence using the protein structure and activity predictor I-TASSER provided few clues about its function, although weak homologies to various zinc-containing endopeptidases, e.g., endothelin-converting enzyme I, were detected (23, 24) . Thus, it is possible that MapA functions as an endopeptidase, but it is currently unknown what the consequence of this activity might be for in vivo or in vitro competition. Whatever its precise role in chicken colonization, mapA sequences are highly conserved among several sequenced strains of C. jejuni, most with different origins. Despite the relatively high rate of genomic sequence variation in C. jejuni strains, mapA typically contains few nucleotide changes in the sequences of 100 strains, representing greater than 97% identity. This may indicate that MapA serves an important role in C. jejuni, preventing significant variation in the coding sequences.
This study demonstrated the value of deep sequencing analysis with transposon mutagenesis for identifying fitness determinants encoded by C. jejuni. Of the 130 mutations with relative abundances of at least 0.01, 37 are in genes annotated as hypothetical proteins, though some hypothetical determinants have been shown to encode colonization factors. These include Cjj81176_0083 and Cjj81176_0414, which encode a new class of flagellar coexpressed determinants (Feds) required for full colonization of the chicken gastrointestinal tract (25) . Thus, approximately 28% of those genes identified as required for colonization of the chicken gastrointestinal tract exhibit no significant primary homology to known protein domains, signaling that an immense amount of information still remains to be uncovered about C. jejuni colonization factors.
